During evolutionary history many grasses from the tribe Triticeae have undergone interspecific hybridization, resulting in allopolyploidy; whereas homoploid hybrid speciation was found only in rye. Homoeologous chromosomes within the Triticeae preserved cross-species macrocolinearity, except for a few species with rearranged genomes. Aegilops markgrafii, a diploid wild relative of wheat (2n = 2x = 14), has a highly asymmetrical karyotype that is indicative of chromosome rearrangements. Molecular cytogenetics and next-generation sequencing were used to explore the genome organization. Fluorescence in situ hybridization with a set of wheat cDNAs allowed the macrostructure and cross-genome homoeology of the Ae. markgrafii chromosomes to be established. Two chromosomes maintained colinearity, whereas the remaining were highly rearranged as a result of inversions and inter-and intrachromosomal translocations. We used sets of barley and wheat orthologous gene sequences to compare discrete parts of the Ae. markgrafii genome involved in the rearrangements. Analysis of sequence identity profiles and phylogenic relationships grouped chromosome blocks into two distinct clusters. Chromosome painting revealed the distribution of transposable elements and differentiated chromosome blocks into two groups consistent with the sequence analyses. These data suggest that introgressive hybridization accompanied by gross chromosome rearrangements might have had an impact on karyotype evolution and homoploid speciation in Ae. markgrafii.
INTRODUCTION
Interspecific or introgressive hybridization is one of the driving forces in plant speciation (Anderson, 1949; Rieseberg and Wendel, 1993) , producing allopolyploids or diploids with rearranged mosaic genomes. The karyotype alterations result in reproductive isolation between hybrid and parental forms (Baack and Rieseberg, 2007; Chen and Yu, 2013; Yakimowski and Rieseberg, 2014) . During evolutionary divergence, chromosome number can be altered through polyploidy or aneuploidy, chromosome fusion and fissions (reviewed by Salse, 2016) and chromosome shape and size can be changed through peri-and paracentric inversion, intra-and interchromosomal translocation and deletion (Schubert and Lysak, 2011) . Extensive studies have been made of karyotype changes, repetitive DNA composition, gene content and expression alterations resulting from allopolyploidy (reviewed by Chen and Yu, 2013) . Unlike allopolyploidy, homoploid hybrid speciation (without an increase in ploidy) was not recognized as a common evolutionary force until recently (Renaut et al., 2014) , and the influence of introgression events on the karyotype of homoploid hybrids was not described often.
Triticeae, an evolutionarily young tribe, includes the staple crops wheat, barley and rye along with approximately 30 genera and 350 species (L€ ove, 1984; Barkworth and von Bothmer, 2009 ) which diverged from a common ancestor 12 million years ago (MYA) (Maestra and Naranjo, 1998; Huang et al., 2002; Kilian et al., 2007; Tsunewaki, 2009; Escobar et al., 2011; Feldman and Levy, 2012) . The Triticeae has a basic chromosome number of x = 7 and ploidy levels ranging from 2n = 2x = 14 to 2n = 12x = 84. The tribe represents a well-studied example of hybrid speciation resulting in allopolyploidy (Dewey, 1972; Kellogg et al., 1996; Tsunewaki, 2009; Mahelka et al., 2011) . Chromosomes of most of the diploid and polyploid Triticeae have a highly conserved macrostructure. For example, barley (Hordeum vulgare L.) and the Triticum-Aegilops lineage diverged approximately 11 MYA, but have mostly colinear chromosomes with similar gene content and order (Devos and Gale, 2000) . A few exceptions with rearranged chromosomes have been described, including rye (Secale cereale L., 2n = 2x = 14), which diverged from the Triticum-Aegilops lineage 7 MYA (Devos et al., 1993; Martis et al., 2013) , and several diploid members of the Triticum-Aegilops lineage, namely Aegilops markgrafii (Greuter) Hammer, Ae. umbellulata Zhuk. and Ae. uniaristata Vis. (Schmidt et al., 1993; Badaeva et al., 1996a; Peil et al., 1998; Zhang et al., 1998) . So far, only the rearranged rye genome has been studied thoroughly. Recent progress in sequencing complex grass genomes, including barley, wheat and rye (Mayer et al., 2012 (Mayer et al., , 2014 Jia et al., 2013; Ling et al., 2013; Kersey et al., 2016; Bauer et al., 2017) , has enabled genome-wide comparative sequence analyses and established the hybrid origin of rye, which was found to be composed of segments with different evolutionary origin, symptomatic for introgressive hybridization (Martis et al., 2013) . The comparative analysis of chromosome structure, phylogeny and evolutionary history of other Triticeae species with rearranged and preserved chromosomes can reveal paths of karyotype evolution.
A diploid species Ae. markgrafii (syn. Ae. caudata L., 2n = 2x = 14, genome CC) has a highly asymmetric karyotype distinct from the metacentric and submetacentric chromosomes of most Triticeae species (Friebe et al., 1992) , indicating the distortion of chromosome colinearity. Molecular marker analysis of flow-sorted chromosomes of Ae. markgrafii confirmed genome rearrangements (Molnar et al., 2016) , but did not reveal their origin or chromosome structure. Ae. markgrafii is an annual grass and a facultative cross-pollinator ( Figure S1 in the Supporting Information), that is naturally distributed from Greece to northern Iraq (Ohta, 2000) . The species is a source of useful traits for wheat improvement (Iqbal et al., 2007; Xu et al., 2009; Kilian et al., 2011) . Several phylogenetic studies of the Triticeae included Ae. markgrafii and showed contradictory results (Sallares and Brown, 2004; Yamane and Kawahara, 2005; Petersen et al., 2006; Mahelka et al., 2011) . The incongruence among the phylogenetic trees suggests that Ae. markgrafii or other diploid Triticeae species may have different portions of genomes with different genealogical histories, resulting from introgressive hybridization (Sallares and Brown, 2004; Escobar et al., 2011; Martis et al., 2013; Marcussen et al., 2014; Mayer et al., 2014) . The incongruence among gene trees can also result from either the stochastic sorting of ancestral polymorphisms in descendant lineages -incomplete lineage sorting, or gene duplications, i.e. difficulty in distinguishing paralogues and orthologues (reviewed by Maddison, 1997; Small et al., 2004) .
Chromosome structure and cross-species homoeology can be established by cytogenetic techniques, in particular fluorescence in situ hybridization (FISH) (Lysak et al., 2006; Lou et al., 2010 Lou et al., , 2014 Danilova et al., 2012 Danilova et al., , 2014 Karafi atov a et al., 2013; Tiwari et al., 2015) . The coding sequences of Triticeae species are highly conserved and can be used as FISH probes for interspecific comparative cytogenetic analyses. Earlier, we developed a wheat FISH physical map and successfully detected wheat cDNA probes on the chromosomes of several Triticeae species, including Ae. markgrafii (Danilova et al., 2014) . In this research, we applied FISH mapping and comparative sequence analysis to study Ae. markgrafii chromosome macrostructure, crossspecies homoeology, genome evolution and speciation.
RESULTS
Developing a set of FISH cDNA markers for comparative cytogenetic analysis of the Triticeae genomes
We have previously developed cocktails of repetitive and cDNA probes for the cytogenetic mapping and phylogenetic elucidation of Triticeae chromosomes (Danilova et al., 2012 (Danilova et al., , 2014 . Using the recently sequenced barley genome as a guide (Mayer et al., 2012; Kersey et al., 2016) , we mapped 67 new cDNA markers in addition to 54 cDNAs, which provided an average coverage of 18 FISH markers per chromosome (Data S1).
The cDNA probes hybridized to the expected positions, mostly colinear on the homoeologous chromosomes of hexaploid wheat (Triticum aestivum L. 2n = 6x = 42, genome AABBDD), except 4A. The utility of the markers in detecting chromosome rearrangements was confirmed by mapping wheat genomes. New cDNAs, mapped at the pericentromeric regions, confirmed the presence of small pericentric inversions in the B-genome chromosomes 3, 4 and 6 (Qi et al., 2006) . Several markers confirmed two reciprocal interchromosomal translocations involving chromosomes 4A, 5A and 7B (Naranjo et al., 1987; Devos et al., 1995; Mickelson-Young et al., 1995; Miftahudin et al., 2004) . Two cDNAs, tplb0062n13 and tplb0036c11, were mapped on chromosome arms 4BL and 4DL, and also on 5AL. Acc-2, previously mapped on chromosomes 4AL and 5DL (Danilova et al., 2012) , confirmed the presence of a reciprocal translocation between the chromosome arms. Two cDNAs, tplb0015m05 and AK331539, mapped on 7AS, 7DS and 4AL, confirming the presence of a 7BS segment at the distal end of 4AL. The cDNA AK333652 mapped on 5AL, 5DL and 7BS, confirmed the presence of a segment of the 5AL arm at the tip of 7BS (Data S1).
Because no rearrangements were observed in the D-genome of wheat, which is also colinear to the barley genome, its karyotype was used as the standard when studying the homoeology of Ae. markgrafii chromosomes to other Triticeae species.
Structure of Ae. markgrafii chromosomes
A cocktail of probes to tandem repeats including a (GAA) n microsatellite, the rye-specific repeat pSc119, and 5S and 45S ribosomal DNA (Badaeva et al., 1996a; Danilova et al., 2014) was diagnostic for identifying individual Ae. markgrafii chromosomes (Figure 1) . Most of the 101 wheat cDNAs with the exception of tplb0054c18, tplb0014b22 and tplb0032b21 produced distinct signals ( Figure S2 , Data S1) and allowed the elucidation of Ae. markgrafii chromosome macrostructure and homoeology compared to wheat (Figure 2 ). An alphabetic nomenclature (Figure 1 , top panel) suggested for a generalized Ae. markgrafii karyotype (Friebe et al., 1992) was followed before the homoeology was determined. The karyotype was developed using C-banding, which corresponds well to the (GAA) n FISH pattern (Pedersen et al., 1996) . Once the structure of Ae. markgrafii chromosomes was established, they were redesignated according to their homoeology to wheat (Figure 1, bottom panel) . The previous nomenclature (Badaeva et al., 1996a,b; Molnar et al., 2015 Molnar et al., , 2016 did not meet this requirement.
Two submetacentric Ae. markgrafii chromosomes 1C and 5C were colinear over their entire length to wheat chromosomes 1D and 5D, respectively. Submetacentric chromosome 2C was mostly homoeologous to 2D, but was rearranged as a result of a pericentric inversion, an intrachromosomal translocation and an intercalary translocation of a large segment homoeologous to 4DL to its long arm. Acrocentric chromosome 3C is nearly homoeologous to wheat 3D but rearranged as a result of a pericentric inversion, a translocation of the distal end of the short arm to the long arm and a translocation of the distal end of the long arm to chromosome 4C. Acrocentric chromosome 4C underwent the most drastic rearrangement: a pericentric inversion, the loss of two-thirds of the long arm, which was translocated to 2CL, and the translocation of segments from the long arms of group-2 and -3 chromosomes. Chromosome 6C is mostly homoeologous, but not colinear to 6D of wheat; it has a pericentric inversion and a translocation of the distal segment of the short arm to the long arm; the distal region of the long arm is derived from the distal region of the long arm of a group-7 chromosome. The acrocentric chromosome 7C is homoeologous to wheat 7D, although it is missing the terminal segment of the long arm, which was translocated to 6CL, and two-thirds of the short arm were translocated to the end of the long arm.
Evidence of deletions and duplications was also observed. Three cDNA FISH signals were missing at the breakage-fusion points of adjacent chromosome segments. The cDNA tplb0054c18, mapped to the distal end of wheat chromosome 4DS (relative distance from the centromere is 0.90), which is syntenic to the interstitial segment 16 on chromosome arm 4CL, was not detected in Ae. markgrafii. Two cDNAs, tplb0014b22 (4DL, 0.26) and tplb0032b21 (6DS, 0.10), are missing at the breakage-fusion sites between segments 14-15 and 23-24 on chromosomes 4C and 6C, respectively (Figure 2 ). We detected several duplicated cDNA signals (Acc-2, tplb0013i03, AK333122 and tplb0043m19), which corresponded to homoeologous duplications on wheat chromosomes (Data S1). Only one cDNA, tplb0015k07 (7DL, 0.65), detected on the end of 6CL and in the middle of 7CL, seems to reflect an Ae. markgrafii-specific chromosome duplication (Figure 2) .
The wheat centromere-specific transposable element (TE) Quinta ( Figure S3 ) labeled the centromeres of Ae. markgrafii ( Figure S3 ). The location of near-centromeric cDNA probes and the wheat centromere-specific TE showed that the position of the Ae. markgrafii centromeres was unchanged compared with their wheat homoeologues. Top: The (GAA) n microsatellite is labeled in white, 45S rDNA is green (1C and 5C) and pAs1 repeat is red (1C and 5C). Middle: The DAPI channel only shows chromosome morphology. Bottom: pSc119 repeat is labeled in red, (GAA) n is white and 5S rDNA is green (1C and 5C). The top line shows chromosome designations used by Friebe et al. (1992) ; the middle line shows the new designations based on homoeology determined in this study.
No neocentromeres or deactivated centromeres were detected.
Sequence analysis of Ae. markgrafii coding regions
Massive chromosome rearrangements may be associated with episodes of introgressive hybridization during the evolution of a species, as was shown for rye (Martis et al., 2013) . The comparative analysis of coding sequences can reveal evolutionarily diverged chromosome segments indicative of ancient interspecific hybridization. For further analysis, we divided the Ae. markgrafii chromosomes into 30 segments (Figure 2 ). Twenty-four segments syntenic to the wheat D-genome were selected within the rearranged chromosomes. Two chromosomes with preserved colinearity, 1C and 5C, were divided into three parts each, two arms and the satellite in case of breakage-fusion at the centromeric region or at the secondary constriction. The low-copy fraction of the Ae. markgrafii genome, produced by the whole-exome capture approach (Jordan et al., 2015) , was used to analyze the sequence identity patterns of chromosome segments. The borders of Ae. markgrafii and barley syntenic segments were defined by mapped cDNA sequences. Next, we applied a strategy developed for studying gene sequence diversity of rye chromosome segments (Martis et al., 2013) . All exonic contigs of Ae. markgrafii chromosome segments were compared with the Figure 2 . The chromosome structure of the Aegilops markgrafii C-genome was compared with the D-genome of wheat (designated in red and black characters respectively). Chromosomes 1C and 5C were colinear to wheat 1D and 5D. Chromosomes 2C, 3C and 4C contained regions homoeologous to 2D, 3D and 4D, respectively, and resulted from pericentric inversion and intra-and interchromosomal translocations. The long arm of chromosome 2C was involved in a translocation with the short arm of chromosome 4C. The distal end of 3CL was translocated to 4CL. Chromosomes 6C and 7C are homoeologous and mostly colinear to wheat chromosomes 6D and 7D, respectively, except that the long arm of chromosome 6C has a terminal group-7 translocation and the distal segments of the short arms are translocated to the end of their long arms. Chromosome 6C has a pericentric inversion. The average relative positions of full-length cDNAs are shown on the chromosomes. Chromosomes were divided in 30 segments for further analysis (blue numbers on the right).
barley full-length (FL) cDNA collection containing 24 783 sequences (Matsumoto et al., 2011) . Selection of alignments longer than 100 bp resulted in 8822 sequences. The number of selected alignments per Ae. markgrafii syntenic chromosome segment varied between 40-50 on the smaller segments 1, 5, 14, 19, 26 and 27 and between 600-980 on the larger segments 3, 7, 12, 21, 25 and 30, with a median value of 215. The sequence identity values between Ae. markgrafii and barley were pooled for each of the 30 segments and used to construct a tree diagram and a heat map (Figure 3 ). The hierarchical clustering and heat map revealed two diverse groups of chromosome segments. The larger Group-I included 23 segments with high, narrow-ranged sequence identities (94-96%). A smaller Group-II included seven segments with a broad range of sequence identities and a shift to lower values (90-94%). These data show that the chromosome segments may have different origins, i.e. Group-II segments might be introgressed during interspecific hybridization.
Analysis of repetitive elements
Disperse repeats. Repetitive elements, both dispersed and tandem, constitute more than 90% of Triticeae genomes and often show differential amplification during genome evolution and speciation . The distribution of dispersed repeats along chromosomes may reflect intergenomic translocations or interspecific introgressions. For example, the distribution of the A-genomespecific, gypsy-like retrotransposon Sukkula applied as a FISH probe visualized the intergenomic translocation between wheat chromosomes 4A and 7B (Naranjo et al., 1987; Devos et al., 1995; Mickelson-Young et al., 1995; Miftahudin et al., 2004) . Distinct from the rest of chromosome 4A, the Sukkula probe did not hybridize to the segment translocated from 7B ( Figure S4 ). Zhang et al. (2004) also reported that this probe produced an unequal hybridization pattern on the C-genome chromosomes of A. cylindrica
). We applied this probe to Ae. markgrafii and observed an unequal distribution of the repeat along chromosomes (Figure 4) . We compared the TE painting with the chromosome structure and with the results of the sequence analysis, and found that four unpainted regions corresponded to the translocated segments 8, 17-18, 26-27 and 30 on chromosomes 2C, 4C, 6C and 7C, respectively. Comparative sequence analysis discriminated segments 8, 17, 18, 26 and 27 in Group-II as potentially introgressed.
To investigate whether the distribution of other repeats reflects the introgressive origin of the Group-II segments, we sequenced the repetitive fraction of the genome, calculated the relative content of repeats and visualized their distribution along chromosomes using FISH. The most abundant group, the Class I long terminal repeat (LTR) retrotransposons comprised 80% of the dispersed repeats, including approximately 51% Copia, 23% Gypsy and 6% other. Class II DNA transposons were represented by CACTA (10%); the remainder included other elements and unknown sequences ( Figure S6 ). Sequences of the most abundant repeats were used to design 30 FISH probes (Table S1 ). To reveal repeats specificity, we compared their Ae. markgrafii FISH patterns with those of the three wheat genomes. Several TE-probes (P2, P3, P5, P6, P7, P12, P13 and P32) painted only chromosome pair 7C in the addition line TA3562 (Figure S7 ), indicating that they were Ae. markgrafii specific. Consensus sequences of the most Ae. markgrafii-specific probes P6, P7 and P32 were similar to rye repeats retrotransposon Sabrina_SC and parts of the rye dispersed repeats R173-2 and -3 (Table S1 ). Other probes were not Ae. markgrafii specific and hybridized to some or all wheat genomes ( Figure S7 ). Next, we compared the distribution of Ae. markgrafii TE-probes along the chromosomes of wheat and Ae. markgrafii. The TE-FISH painting of wheat chromosomes was similar to the patterns described earlier for the corresponding TE families Choulet et al., 2010) . For example, CACTA-like probes P9 and P27 hybridized to the distal parts of the chromosomes. Copia-like probes P1, P2, P10, P16 and P17 hybridized to the interstitial chromosome regions, but did not paint the centromeres and distal ends. Gypsy-like probes P3, P5, P14 and P19 hybridized mostly at centromeric, pericentromeric and interstitial regions (Figure S7) .
The TE-painting of Ae. markgrafii chromosomes differed from that of wheat. Some FISH patterns reflected rearrangements of acrocentric chromosomes 2C, 4C, 6C and Values  70  80  90  100   1  5  14  4  10  23-24  11  22  6  28  2  20  29  16  7  30  3  12  25  21  8  13  17  18  19  26  27 Figure 3. Sequence identity of 30 Aegilops markgrafii and barley syntenic chromosome segments. Two groups of chromosome segments were revealed by hierarchical clustering, including a larger Group-I of 23 segments with a relatively narrow range of high sequence identities (94-96%) and a smaller Group-II of seven segments with a broad range of sequence identities and a shift to lower values. The heat map shows the unequal distribution of identity values. A color gradient indicates areas of increasingly higher density -number of reads with the given identity value per segment. Segment numbers are shown on the Y-axis and identity values are shown on the X-axis. Figure S8 ). The distribution of the Gypsy-like probes reflected the translocation of the distal part of the short arm to the long arm of chromosomes 4C (P5, P14 and P19), 6C (P14 and P19) and 7C (P5). These chromosomes have large, unpainted distal segments on the long arms, compared with those on chromosomes 1C and 5C with preserved colinearity. Several Copia-like probes and the CACTA-like probe 9 reflected the same type of translocation, but in 'inverse mode', on chromosomes 4C (P1, P2, P9, P16 and P17), 2C, 6C and 7C (P9) by painting a larger distal part of the long arm and showing no hybridization on the short arm. No TE-probes hybridized specifically to the Group-II translocation segments. Probes 11, 12 and 23 were distributed similar to the A-genome-specific probe Sukkula. They produce no hybridization signal on the distal parts of chromosomes 2C, 4C, 6C and 7C corresponding to the Group-II translocations (Figures 4 and S8 ), differentiating potentially introgressed segments.
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Tandem repeats. The relative content of tandem repeats was calculated separately and included 54.7% and 9.8% of microsatellites (GAA) n and (CAA) n , respectively. Sequences similar to the wheat and rye telomere-associated tandem repeat pSc119 were 10.3%; ribosomal DNA 45S rDNA was 20.1% and 5S rDNA was 4.6%; the Afa-family (pAs1) similar repeat was 0.3% (Nagaki et al., 1995) and 0.2% were unidentified repeats. The distribution of tandem repeats along the Ae. markgrafii chromosomes, except (CAA) n , is shown in Figure 1 .
Phylogenetic analysis
Hierarchical clustering and TE painting differentiated the Ae. markgrafii chromosome segments into two distinct groups. To estimate their evolutionary diversity, we performed a phylogenetic analysis involving orthologous coding sequences of barley and three genomes of wheat T. aestivum. The diploid donor of the wheat A genome is T. urartu Tumanian ex Gandilyan, the B genome is closely related to the S genome of Ae. speltoides Tausch., and the D genome is derived from Ae. tauschii Coss. (Kihara, 1944; Dvorak and Zhang, 1990; Dvorak et al., 1993) . Ten Ae.
markgrafii coding sequences were selected randomly for each of the seven segments from 13, 17, 18, 19, 26 and 27) and an unpainted segment 30, and for six adjacent segments from 12, 16, 20, 25 and 29) . The criteria used for sequence selection were the presence of long sequences for all five genomes and the absence of gene duplications (paralogs) within each genome. The length of the resulting 10-sequence concatenated alignments for each genomic segment varied from 9058 bp to 19 380 bp, with a total length of 178 951 bp and a median length of 14 701 bp. Four out of six Ae. markgrafii segments from Group-I (7, 12, 20 and 29) clustered with the wheat D genome with a bootstrap value of 100%; sequences from segments 16 and 25 grouped with the A-D subcluster with bootstrap values 74% and 50%, respectively (Figures 5 and S5 ). The divergence time between Ae. markgrafii Group-I segments and the D genome was estimated to be between 1.9 and 3.3 MY.
Four out of eight Ae. markgrafii Group-II segments (13, 18, 19 and 30) were found to be more diverged from the wheat genomes than the Group-I segments and clustered outside of the A-B-D subcluster with bootstrap values 60-99%. The divergence time calculated for these sequences and the A-B-D subcluster was 3.6-4.6 MY. Sequences of Ae. markgrafii Group-II segments 8 and 17 clustered with the A genome with bootstrap values 100% and 75%, respectively. Segment 26 clustered with A-D genome subcluster, and segment 27 clustered with the D genome (bootstrap values 92% and 77% and divergence times of 3.1 and 2.7 MY, respectively).
The grouping of the wheat genome segments was inconsistent. Ten out of 14 D-genome segments were closely related to the A genome with an average divergence time of 2.8 MY. These observations are consistent with the results of Marcussen et al. (2014) , showing that the A and D genomes of wheat are more closely related to each other than to the B genome. Three D-genome regions (segments 7, 17 and 27, corresponding to wheat segments on chromosome arms 4L, 2L and 7L, respectively) were found to be closely related to the B genome with a divergence time of 3.1 MY, whereas the A and D genomes were more distant, with a divergence time of 3.6-3.8 MY. D-genome segment 20 (wheat chromosome arms 5S) was distinct from both the A and B genomes with a divergence time of 3.8 MY ( Figure S5 ). Two summary trees were constructed using all coding sequences retrieved for Group-I segments and for six nonconflicting Group-II segments (segments 8 and 27 were excluded). For each group, 60 sequences with a summary length of 106 358 bp (Group-I) and 70 130 bp (Group-II) were concatenated. The trees showed a difference in phylogeny between the two parts of Ae. markgrafii genome with higher confidence (bootstrap values 99-100%) (Figure S5 ).
DISCUSSION

Macrostructure of Ae. markgrafii chromosomes
The detection of single-gene sequences by FISH improved the potential of comparative cytogenetics. Previously, chromosome rearrangements and homoeology could be roughly estimated via chromosome morphology and the distribution of heterochromatic blocks, analysis of meiotic pairing and compensation test (Sears, 1952; Friebe et al., 1993; Badaeva et al., 1996a) . Besides cytogenetics, highdensity genetic maps and next-generation sequencing can be used, as was shown for rye and Ae. umbellulata (Martis et al., 2013; Bauer et al., 2017; Edae et al., 2017) . As distinct from a cytogenetic approach, genetic maps do not reflect the real scale of rearrangements, and their resolution may have limitations in chromosome regions with low recombination or low marker polymorphism. We developed a set of wheat full-length cDNA (FLcDNA) markers that can be used in comparative cytogenetic analysis of the Triticeae, as exemplified by Ae. markgrafii. Physical mapping of cDNAs determined the boundaries of adjacent translocated chromosome segments with preserved colinearity and allowed the retrieval of coding sequences corresponding to each segment without developing a genetic map. Thus, the cytogenetic approach provided a basis for the comparative sequence analysis of discrete parts of the genome considering the chromosome rearrangements.
We found that, in contrast to most Triticeae species with preserved chromosome macrostructure, Ae. markgrafii did not retain chromosome colinearity. Five out of seven chromosomes had at least 19 breakpoints and were highly rearranged as a result of inter-and intrachromosomal translocations and pericentric inversions. Meanwhile, the integrity of the whole genome was mostly preserved. One duplication was detected on chromosomes 6C and 7C, and three deletions were detected at the breakage-fusion points of adjacent translocated segments on chromosomes 4C and 6C. Friebe et al. (1992) analyzed 19 Ae. markgrafii accessions of different geographic origin using C-banding and found some variation in the size of heterochromatic blocks, but similar chromosome morphology. Thus, we expect that the chromosome structure of accession TA1908 is representative for Ae. markgrafii.
The rearranged chromosomes of two diploid Triticeae species, rye and Ae. umbellulata, were studied using genetic analysis (Devos et al., 1993; Zhang et al., 1998;  Trees are shown for sequences from parts of barley and wheat genomes syntenic to Ae. markgrafii chromosome segments 12 (A) and 13 (B). Segment 12 (Am-12) representing Group-I is closely related to the D genome of wheat. Segment 13 (Am-13) representing Group-II was found to be distant from three wheat genomes. Trees were constructed using the maximum likelihood method with barley as an outgroup. Divergence times are shown on the left and bootstrap values are shown on the right of the nodes. Bars around each node represent 95% confidence time intervals. Segment 12 is syntenic to the interstitial part of barley chromosome arm 3HL and wheat chromosome arms 3AL, 3BL and 3DL. Segment 13 is syntenic to the distal part of chromosome arms 3HS, 3AS, 3BS and 3DS. The lengths of ten concatenated alignments for segments 12 and 13 are equal to 18 199 bp and 9058 bp, respectively. Martis et al., 2013; Edae et al., 2017) . Their translocation pattern does not seem to have much in common with Ae. markgrafii, except that all three species maintain a chromosome number 2n = 2x = 14; the chromosomes belonging to homoeologous group 1 had a preserved colinearity, and the centromere positions in rye and Ae. markgrafii were unchanged. Both Ae. markgrafii and Ae. umbellulata have an asymmetric karyotype (Badaeva et al., 1996b) , whereas rye chromosomes are metacentric and submetacentric. The rye genome is among the largest of the diploid Triticeae species, almost twice the size of the Ae. markgrafii genome (Eilam et al., 2007) .
Discrete sequence analysis and TE-painting revealed heterogeneity of Ae. markgrafii chromosome segments indicative of hybrid speciation
We used three approaches, comparative sequence and phylogenetic analyses and chromosome painting with dispersed repeats, to decipher the origin of Ae. markgrafii chromosome segments. Two diverse parts of the genome were differentiated based on a heterogeneity in sequence identity profiles, phylogenetic divergence of coding sequences and the distribution of dispersed repeats. First, the identity values among all retrieved Ae. markgrafii coding sequences and that of barley differentiated Ae. markgrafii chromosome segments into two groups with distinct identity profiles (Figure 3) . A similar differentiation was observed for rye chromosome segments involved in rearrangements (Martis et al., 2013) . Second, phylogenetic analysis of coding sequences showed that two groups of Ae. markgrafii chromosome segments have different relationships to the three wheat genomes, although some tree incongruence was observed. Even wheat genomes A, B and D, used as the standards, clustered inconsistently. Several gene-based phylogenetic studies of the Triticeae, including the three wheat genomes, reported conflicting results (Kellogg et al., 1996; Sallares and Brown, 2004; Escobar et al., 2011; Marcussen et al., 2014) . The incongruence among Triticeae gene-trees may reflect either introgressive hybridization or incomplete lineage sorting, or the mixing of paralogues with orthologues (Small et al., 2004) . For our analysis, we did not use sequences present in several copies in any genome, so we expect that only orthologues were selected. Statistical approaches distinguishing introgressive hybridization and incomplete lineage sorting require sequences for several individuals of each species (Small et al., 2004; Meyer et al., 2016) , which were not available. The incongruence in molecular phylogenies can sometimes be resolved by increasing the number of unlinked genes to 20 (Rokas et al., 2003; Maddison and Knowles, 2006) , although exclusive reliance on concatenation is not always justified (Salichos and Rokas, 2013) . For each segment, we used 10 randomly selected coding sequences, which may not be sufficient. Summary trees based on all concateneted sequences from the six Group-I and six unconflicting Group-II segments were recovered with better support (bootstrap values 99-100%; Figure S5 ). Third, chromosome painting supported the results of both sequence analyses: distribution of several dispersed repeats differentiated Group-I and Group-II segments. The fact that only some of the repeats differentiated Group-I segments may reflect the different evolutionary histories and dynamics of TEs visualized by FISH, i.e. TEs may follow distinct amplification trajectories in different species (Choulet et al., 2010; Senerchia et al., 2013) . Depending on the specificity and correlation of TE-FISH painting with chromosome structure, we divided Ae. markgrafii TEs into three classes. The first class included TEs reflecting the Ae. markgrafii chromosome translocations without differentiating Group-I and Group-II segments. They were abundant in Ae. markgrafii and in all three wheat genomes. These TEs may represent conservative inactive repeats common for Triticeae species. The second class included TEs specific for Group-I segments. These repeats may represent lineage-specific inactive TEs, abundant in one of the species involved in hybridization. The third group of TEs included Ae. markgrafii-specific repeats, differentiated neither segment groups nor chromosome rearrangements. They may represent recently active TEs that proliferated in the Ae. markgrafii genome after hybridization. These observations are consistent with the hypothesis of 'genetic shock' (McClintock, 1984) , suggesting that interspecific hybridization may be accompanied by the proliferation or elimination of transposable elements resulting in drastic changes in a hybrid genome. These processes can affect different genomes unequally, when one genome involved in an interspecific hybrid undergoes preferential TE elimination (Feldman and Levy, 2012; Senerchia et al., 2016) . This may explain our failure to find Group-II-specific dispersed repeats.
Overall, the results of three analyses are in agreement and indicate a hybrid evolutionary history of Ae. markgrafii involving at least two species. The ancestral species contributed unequally to Ae. markgrafii, with one genome comprising 8-15%. The timing of sequence divergence suggests that one of the ancestral genomes was closely related to the Ae. tauschii lineage, whereas the other was related to a species that diverged earlier from the ancestors of wheat genomes.
Interspecific hybridization and origin of chromosome rearrangements
Introgressive hybridization, as an important evolutionary force, was suggested by E. Anderson in 1949. Since then, many events of natural introgression through interspecific hybridization have been proven for a wide range of plant species, insects and fish (Rieseberg and Wendel, 1993; Baack and Rieseberg, 2007; Gaines et al., 2012; Chen and Yu, 2013; Cornille et al., 2014; Wang et al., 2015) . The Triticeae was actively involved in interspecific hybridization, because many grasses are allopolyploids (Tsunewaki, 2009; Kilian et al., 2011; Feldman and Levy, 2012) . Only two diploid species, resulting from hybrid speciation, have been described so far, rye (Martis et al., 2013) and Ae. markgrafii (this work). As distinct from the preserved chromosome macrostructure in most diploid and allopolyploid Triticeae, both rye and Ae. markgrafii genomes are highly rearranged. Few reports describe changes in the karyotype following homoploid hybridization. In interspecific homoploid hybrids, meiotic chromosome pairing is reduced or absent, depending on the phylogenetic distance between the parents (Cunado et al., 1986; Su et al., 2016) . Homoeologous pairing and recombination results in mosaic chromosomes with preserved colinearity or a rearranged structure (Zwierzykowski et al., 1998; Khrustaleva et al., 2005; Udall et al., 2005; Nicolas et al., 2007; Kopecky et al., 2009 ; reviewed by Gaeta and Pires, 2010) . In the absence of meiotic pairing, univalents formed during metaphase I can break at anaphase. In wheat-alien introgression lines, chromosome breakage results in sticky ends, which may form dicentric or ring chromosomes. This may initiate the breakage-fusionbridge (BFB) cycle in F 1 somatic cells and quickly reshape the genome resulting in mosaic plants composed of tissues with different karyotypes (McClintock, 1941b; Friebe et al., 2001) . Rearrangements caused by BFB cycles have been described in maize, wheat and rye as whole-arm and segmental interchromosomal translocations (McClintock, 1941a; Sears, 1952; Lukaszewski, 1995; Friebe et al., 2005; Zhang et al., 2008; Liu et al., 2013) . The transfer of unbalanced chromosomes to the progeny can result in continuing BFB cycles that further reshape a hybrid genome. If rearranged chromosomes are combined in the heterozygous condition, changes continue as a result of meiotic crossover between homologous regions of translocations or inversions (Schubert, 2007) . Interspecific hybridization may be followed by backcrossing with one of the parental species, and then a smaller portion of the introgressed genome may remain (Baack and Rieseberg, 2007) .
Another possible karyotype-destabilizing factor in Triticeae interspecific crosses can be gametocidal (Gc) genes, which cause chromosome breakage in the gametes that lack them (Maan, 1975; Tsujimoto, 1995) . Some Gc genes can induce mild chromosome changes, hence structurally rearranged chromosomes may be retained (Friebe et al., 2000; Endo, 2007) . Gc genes were found in the C genomes of Ae. markgrafii-derived allotetraploids and other Aegilops species (reviewed by Endo, 2007) .
Based on these data, we suggest a possible scenario of karyotype reshaping resulted from homoploid interspecific hybridization in Ae. markgrafii and other Triticeae species with rearranged genomes. The introgression of an alien segment may result from recombination of paired homoeologoues. Disruption of chromosome colinearity and nonhomoeologous translocations can happen during BFB cycles involving unpaired chromosomes. Several chromosomes may undergo the reshaping process simultaneously. If rearranged chromosomes are combined in the heterozygous condition, further rearrangements can result from meiotic crossover between homologous regions of translocations or inversions. The de novo arising chromosome rearrangements reproductively isolate a new hybrid lineage from the parents.
CONCLUSIONS
Comparative cytogenetics, sequence analyses and chromosome painting with dispersed repeats have revealed the chromosome structure, rearrangements and heterogeneity of reshuffled chromosome segments in Ae. markgrafii, which can be attributed to hybrid speciation involving at least two ancestral genomes. Homoploid interspecific hybridization can be a force initiating karyotype alterations in Triticeae.
EXPERIMENTAL PROCEDURES Plant material
The material included T. aestivum cv. Chinese Spring (TA3008), Ae. markgrafii (TA1908), the accession used for developing wheat cv. Alcedo-Ae. markgrafii chromosome addition lines (Friebe et al., 1992) and an Ae. markgrafii disomic chromosome 7C addition line (TA3562). All material is maintained by the Wheat Genetics Resource Center at Kansas State University.
FLcDNA maps of wheat and Ae. markgrafii
We mapped 67 FLcDNAs (Data S1), in addition to the previously reported 54 FLcDNA-FISH markers (Danilova et al., 2014) . Sequences were selected on the barley physical map http://plants.e nsembl.org/Hordeum_vulgare/Location/Genome (Mayer et al., 2012; Kersey et al., 2016) and compared against the Triticeae FLcDNA database (Mochida et al., 2009) using BLAST (Altschul et al., 1990) . The FLcDNAs were obtained from the National BioResource Project-Wheat, Japan; their sequences are available at http://shigen.nig.ac.jp/wheat/komugi/ests/tissueBrowse.jsp.
A set of 101 wheat cDNAs was hybridized to the chromosomes of Ae. markgrafii in combination with (GAA) 9 and 45S rDNA probes. An idiogram was constructed using the Ae. markgrafii standard karyotype (Friebe et al., 1992) . The relative distance of a FLcDNA site from the centromere (primary constriction) was measured and calculated using MicroMeasure 3.3 software (Reeves and Tear, 2000) . Measurements were performed on 10 chromosomes. The average relative distance, standard deviation and confidence with a significance level of 0.05 were calculated using Microsoft Office Excel functions.
Probes, chromosome preparation and FISH procedure
The FLcDNAs were amplified from clones with the standard primers T3 and T7. PCR products were purified with an Invitrogen www.perkinelmer.com/). For detecting 45S-, 5S-rDNA and subtelomeric repeats, clones pTa71, pTa794 and pSc119 were used (Gerlach and Bedbrook, 1979; Bedbrook et al., 1980; Gerlach and Dyer, 1980) . Oligonucleotide probes (GAA) 9 and pAs1 (Danilova et al., 2012) were synthesized with a fluorochrome attached to the 5 0 -end by Integrated DNA Technologies (https://www.idtdna.com/). A probe for the LTR of the centromeric TE Quinta (Li et al., 2013) was labeled with Fluorescein-12-dUTP (PerkinElmer). Dispersed repeats were detected with 4-I24 and 4-H1 subclones containing gypsy-like retrotransposon Sukkula sequences from Triticum monococcum L. and Ae. markgrafii probes (described below). Wheat and Ae. markgrafii chromosome preparations using the drop technique, direct probe labeling by nick translation and the FISH procedure were as described previously (Kato et al., 2004 (Kato et al., , 2006 with minor modifications (Danilova et al., 2012) . Chromosomes were counterstained with 4 0 ,6-diamidino-2-phenylindole solution (DAPI) in Vectashield (Vector Laboratories, https://vector labs.com/). Images were captured with a Zeiss Axioplan 2 microscope using a CoolSNAP HQ2 camera (Photometrics, https://www. photometrics.com/) and AxioVision 4.8 software (Zeiss, https:// www.zeiss.com/) and processed with Adobe Photoshop software (Adobe Systems Incorporated, http://www.adobe.com/).
DNA library preparation and sequencing
DNA was extracted from a single, 3-week-old TA1908 seedling using a BioSprint 96 DNA Plant Kit (Qiagen, http://www.qiagen.c om/) and quantified with Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, https://www.thermofisher.com/) using the Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, https://www.biotek.com/). One microgram of high-quality genomic DNA was fragmented with a S220 Focused Ultrasonicator (Covaris, https://covarisinc.com/) using the manufacturer's recommended settings to obtain an average DNA fragment length of 300 bp. The pre-capture genomic DNA sequencing library was prepared with the NEBNext DNA Library Prep Master Mix set for Illumina (New England Biolabs, https://www.neb.com/) and Illumina TruSeq adapters. The obtained library was evaluated with a 2100 Bioanalyzer (Agilent Technologies, http://www.agilent.com/) and used in hybridization with SeqCap EZ Wheat Exome Sequence Capture assay (Roche NimbleGen, http://www.nimblege n.com/) as previously described (Jordan et al., 2015) .
Two types of sequencing were performed. First, the exome sequence capture library was sequenced with the HiSeq 2500 system (Illumina, https://www.illumina.com/) (2 9 100 bp) at the University of Kansas Medical Center Genome Sequencing Facility. Exome sequencing resulted in 35 725 792 raw Illumina reads. After quality filtering and adapter trimming, the remaining 35 128 726 reads (3 123 539 640 bp) provided approximately 30 9 coverage of exome target sequence. Second, shallow sequencing was performed. The pre-capture genomic DNA library was sequenced at the K-State Integrated Genomics Facility with the MiSeq platform (Illumina, Inc.) using 600 cycles with v3 reagents (Illumina, Inc.), resulting in 19 619 706 raw reads. After quality filtering and adapter trimming, the remaining 13 932 092 reads with a total length of 3 268 907 623 bp were used for assembly. This amount of sequence data provided a 0.79 genome coverage assuming that the size Ae. markgrafii genome is approximately 5 Gb.
Sequence assembly
Both data sets were processed with the CLC Genomics Workbench v.8.5.1 (CLC Bio-Qiagen, https://www.qiagenbioinformatics.com/ ).
Reads longer than 40 bp were used in the next steps. A set of barley genes was used as a reference to map the Ae. markgrafii reads and construct contigs. The HiSeq dataset was used for mapping with parameters: length fraction = 0.9, similarity fraction = 0.9. These settings allowed the combination of paralogous genes in one contig to be avoided. To find barley chromosome regions syntenic to the 30 Ae. markgrafii segments (Figure 2) , the start and end coordinates of a segment on the barley physical map were detected by BLAST (Altschul et al., 1990; Kersey et al., 2016) with wheat cDNA sequences mapped on Ae. markgrafii chromosomes. Then the barley genes located within defined borders were retrieved using BioMart software at the Ensembl Plants Hordeum vulgare genes [ASM32608v1 (IBSC_1.0)] dataset (Kinsella et al., 2011; Kersey et al., 2016 ; http://plants.ensembl.org) and used as a reference. The assembly of the exome capture data resulted in a total of 10 029 contigs.
The MiSeq low-coverage genomic sequences were assembled using CLC Genomics de novo assembly with the 'map reads back to contigs' algorithm with the following parameters: length fraction = 0.95, similarity fraction = 0.98 and word/bubble size and detect paired distances = automatic.
Clustering based on sequence similarity
The set of Ae. markgrafii contigs from each chromosome segment was compared against a barley FLcDNA collection using Viro-BLAST (http://webblast.ipk-gatersleben.de/barley; Deng et al., 2007; Matsumoto et al., 2011) . Matching sequences were selected using a first best hit criterion and an alignment length longer than 100 bp. The obtained sequence identities of each chromosome segment were used for clustering. A tree diagram was constructed with Statistica 6 software (StatSoft, 2001) using the following parameters: Euclidean distance, Ward's cluster method and a mean substitution for missing data. The sequence identities were plotted for each of the 30 chromosome segments and visualized as heat map distributions using the ggplot2 package in R.
Phylogenetic analysis
Evolutionary analysis conducted using MEGA7 software (Kumar et al., 2016) involved orthologous coding DNA sequences of barley, A, B and D genomes of hexaploid wheat and Ae. markgrafii consensus sequences. Ten orthologous sequences, including mapped FLcDNAs and random sequences from a retrieved set of barley genes, were selected for each chromosome segment. Barley and wheat sequences were found by BLAST against the FLcDNA barley and the flow-sorted wheat transcript sequences databases (Mayer et al., 2014) . A set of five orthologous coding sequences was used to construct an alignment and a test phylogenetic tree using the neighbor-joining method (Saitou and Nei, 1987) with a bootstrap test (500 replicates) and evolutionary distances computed using the Kimura 2-parameter (Kimura, 1980) . Next, 10 alignments from each segment were concatenated and used for phylogenetic analysis by the maximum likelihood method based on the Kimura 2-parameter model (Kimura, 1980) . The initial tree was obtained automatically by the neighbor-joining and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite likelihood approach and then selecting the topology with a superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences among sites. The percentage of trees in which the associated taxa clustered together was calculated using a bootstrap test with 500 replicates (Felsenstein, 1985) . All positions containing gaps and missing data were eliminated. The trees were drawn to scale, with branch lengths measured in the relative number of substitutions per site. To calculate divergence, the RelTime method (Tamura et al., 2012) was used. A tree was calibrated using estimates of divergence time between the progenitors of the A and B wheat genomes: from 2.5 to 4.5 MY (Huang et al., 2002) . The barley genome was selected as the outgroup. The 95% confidence intervals for divergence time, represented as bars around each node, were computed using the method described by Tamura et al. (2012) .
Analysis of repetitive sequences
A subset of 1604 whole-genome shotgun consensus sequences with an average read coverage of 509 and higher was used to estimate the relative content of dispersed and tandem repeats. The consensus sequence lengths of the subset varied from 80 to 7318 bp, with a median length of 536 bp. The average read coverage varied from 50 to 6965, with median of 147. The subset was compared against the repeat databases of the Genetic Information Research Institute (Kohany et al., 2006) , RepeatMasker (Smit et al.) and Triticeae Repeat sequences (Wicker et al., 2002) . The length of each annotated repetitive sequence was calculated as a product of a sequence consensus length and an average read coverage. The total size of a particular repeat family was calculated as a sum of all fragments lengths. The relative content of each type of repeat was estimated as a ratio of the total repeat size and the sum of all repeat sizes. Ratios of dispersed and tandem repeats were calculated separately.
The distribution of several tandem and dispersed repeats along the chromosomes was visualized by FISH. To amplify dispersed repeats, primers were designed using Ae. markgrafii repeat consensus sequences (Table S2) . PCR with Ae. markgrafii genomic DNA as a template produced products of expected lengths. They were purified as described above and used for FISH probes. Probe length varied from 478 to 2302 bp.
Availability of data and materials
The Ae. markgrafii consensus sequences used for TE probes were submitted to NCBI GenBank database with accession numbers KX775983-KX776000. Both exome capture and shallow sequence data were submitted to the NCBI Short Read Archive (SRA) with accession numbers SRR4409142 and SRR4409143.
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